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Emotion discrimination, emotion regulation, and cognitive control are three related, yet separable 
processes that emerge over the course of development. The current study tested 100 children, 
adolescents, and adults on an Emotional Go/Nogo task, illustrating the ability of this paradigm 
to identify the unique developmental patterns for each of these three processes in the context 
of both positive (happy) and negative emotions (fear, sad, and anger), across three different age 
groups. Consistent with previous literature, our findings show that emotion discrimination and 
regulatory abilities (both cognitive control and emotion regulation) improve steadily for each 
age group, with each age group showing unique patterns of performance. The findings suggest 
that emotion regulation is constructed from basic cognition control and emotion discrimination 
skills. The patterns of behavior from the Emotional Go/Nogo task provide normative benchmark 
data across a wide range of emotions that can be used for future behavioral and neuroimaging 
studies that examine the developmental construction of emotion regulatory processes.
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Underwood, 1974). Previous work has shown that the  development 
of cognitive control extends into late adolescence and early adult-
hood (Casey et al., 1997; Durston et al., 2002). Evidence for devel-
opmental change in cognitive control is based on numerous and 
varied laboratory tasks. Cognitive control has been measured in 
infants with the A, not B task (Piaget, 1954; Diamond, 1985), in tod-
dlers with laboratory motor and patience tasks (Kochanska et al., 
2000), in preschool-aged children with card sorting tasks (Zelazo 
et al., 1996; Munakata and Yerys, 2001), and school-aged children 
with Stroop-like tasks (Tipper et al., 1989; Marsh et al., 2006) and 
computerized tasks like flanker (Bunge et al., 2002), stop-signal 
(Oosterlaan et al., 1998), and go/nogo tasks (Casey et al., 1997). 
These studies have all shown that cognitive control processes are 
poor at younger ages, but because of potential ceiling effects in adult 
samples (Lagattuta et al., in press), it is most useful to employ tasks 
that can be used across multiple age groups. Traditional go/nogo 
paradigms, the type of task used in the current study, have been used 
across multiple age groups and show that children make more false 
alarm errors (i.e., demonstrate weaker cognitive control) relative 
to adults. The go/nogo task shows reliable and robust behavioral 
effects across multiple age groups (Casey et al., 1997; Durston et al., 
2002, 2006) making it an attractive neuropsychological tool, and 
in this paper we have modified the traditional go/nogo task to 
examine cognitive control when emotional information is present 
and when it is absent.
The frequency of emotional stimulation in daily life motivated 
the examination of cognitive control in the context of emotional 
information and how this aspect of emotion regulation changes 
with age. Facial expressions are a rich source of emotional informa-
tion, and evidence from infant research suggests that the ability to 
IntroductIon
Cognitive control is a heterogeneous construct that has been 
defined as the ability to actively maintain representations of 
goals and the means to achieve them (Duncan, 2001; Miller and 
Cohen, 2001). One well-studied aspect of cognitive control is the 
ability to withhold a prepotent behavioral response, an ability 
that undergoes a protracted developmental course (reviewed in 
Casey et al., 2002). When cognitive control processes interact 
with emotional information, as commonly occurs in daily life, 
a second regulatory process is engaged, often labeled emotion 
regulation, a single term that encompasses several behavioral 
constructs, that collectively describe systematic changes that 
occur when emotions are activated (Cole et al., 2004). These 
changes include two types of regulatory phenomena, those proc-
esses that regulate an emotion (Gross, 1998) and those processes 
(e.g., memory, behavior) that are regulated by emotions (Campos 
et al., 2004; Cole et al., 2004). While much work has focused on 
the former (reviewed in Ochsner and Gross, 2005), the present 
study focused on the development of the latter aspect of emotion 
regulation, which is the ability to maintain cognitive control in 
the context of potentially interfering emotional information. The 
objectives of this study are to: (1) characterize age-related differ-
ences in cognitive control in the absence of and in the presence of 
emotional information (emotion regulation); and (2) provide a 
standard against which emotion regulation related processes can 
be measured in behavioral, clinical, and neuroimaging studies 
across development.
Regulating one’s behavior is particularly difficult early in life 
even in the absence of emotional information, and young chil-
dren are notoriously poor at behavioral regulation (Mischel and 
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MaterIals and Methods
subjects
We recruited 101 subjects and present data from a sample of 
100 healthy volunteers (51 males and 49 females). These sub-
jects included 53 children [27 females; 5–12 years old; mean 
(SD) = 8.64 (1.95)], 24 adolescents [12 females; 13–18 years old; 
mean (SD) = 15.25 (1.56)], and 23 adults [10 females; 19–28 years 
old; mean (SD) = 23.74 (2.05)]. The remaining subject was excluded 
because of incomplete data. Subjects were included if they had 
no history of neurologic or psychiatric disorder (as measured 
by telephone screening) and had an estimated full scale IQ of 
greater than 80 as measured by the Wechsler Abbreviated Scale of 
Intelligence (WASI; Wechsler, 1999). All subjects or their parents 
(if minors) gave both verbal and written consent before the task 
was administered.
stIMulI
The set of stimuli consisted of grayscale images of 10 adults (five 
males and five females; Ekman and Friesen, 1976) posing five dif-
ferent expressions (happy, fearful, angry, sad, and neutral). Visual 
angle was approximately 12°.
behavIoral ParadIgM
The task required participants to press a button when a given facial 
expression target (e.g., neutral) was displayed. Face stimuli were 
presented singly in the center of the screen (Figure 1). Subjects were 
instructed to press a button as fast as they could when a named 
expression was presented. These “go” trials occurred frequently 
(70% of the trials) in order to create a prepotent tendency for the 
subject to respond. Participants were instructed to withhold press-
ing a button for a “nogo” facial expression stimulus (e.g., fearful 
face), and these “nogo” trials occurred infrequently (30% of the 
trials). Subjects were not told what the “nogo” faces were, but were 
instructed to withhold pressing for “any face other than the ‘go’ 
expression.” In each block, an emotional expression (happy, fear, 
angry, or sad) was always paired with a neutral expression, and 
depending on the block, either the emotional expression served as 
the “go” stimulus (when neutral was the “nogo” stimulus) or as the 
“nogo” stimulus (when neutral was the “go” stimulus). Therefore, 
eight randomized blocks of “go–nogo” pairs (happy–neutral, 
discriminate basic emotions emerges quite early, within the first 
year of life (Nelson and Dolgin, 1985; Flom and Bahrick, 2007), 
although this ability continues to develop throughout childhood 
and adolescence (Lenti et al., 1999; Thomas et al., 2007). Previous 
work has shown age-related changes in basic emotion discrimina-
tion tasks (McClure, 2000; Herba and Phillips, 2004; Herba et al., 
2006; Thomas et al., 2007), where age-related improvements 
continue to be observed through early adulthood. The current 
study builds on existing literature by testing very rapid emotion 
discrimination in the context of a go/nogo task in order to exam-
ine how discriminating between facial expressions of emotion 
interacts with control processes. Because of the ability of facial 
expressions to bias behavioral performance, here we examined 
age-related differences in exerting cognitive control in the pres-
ence and absence of emotional facial expressions. Previous studies 
have examined emotion regulation in various age groups, using 
separate, age-appropriate paradigms, for example: delay of grati-
fication in preschoolers (Mischel and Underwood, 1974), Stroop 
task reaction times for children (Kindt et al., 1997), and simulated 
driving performance for adolescents (Steinberg et al., 2008). In the 
current study, we used a single task that is appropriate for child, 
adolescent, and adult subjects to characterize age-group related 
changes in emotion regulation. The use of a single task for all age 
groups allows for direct comparisons of behavioral performance 
between age groups.
Emotion researchers have outlined the empirical challenges in 
assessing emotion regulation, which include creating a task (a) 
that is appropriate for both young children and adults (Eisenberg 
et al., 2004) and (b) creating a task that allows for a comparison 
of emotion and regulatory phenomena in contrasting conditions 
(Cole et al., 2004). In the current study, we attempted to address 
these challenges by using an Emotional Go/Nogo task, that: (1) 
can be administered across a broad range of ages (in this study we 
tested 5- to 28-year olds); and (2) can be used to examine regu-
lation under multiple emotional conditions, including positive, 
negative, and neutral facial expressions. This task is appropriate for 
young children as well as challenging for adults. Moreover, rather 
than passively viewing emotions or attending to non-emotional 
features of the stimuli, this task directly measures the ability to 
approach or avoid the relevant emotional information and has 
been validated in neuroimaging studies to dissociate top down 
prefrontal cognitive systems from subcortical limbic regions for 
both negative and positive emotions (Hare et al., 2008; Somerville 
et al., in press). We tested whether it is possible to identify develop-
mental periods when behavioral patterns associated with cognitive 
control, emotion regulation, and facial expression discrimination 
emerge and/or demonstrate rapid age-related change. Although 
the literature has previously addressed these processes separately, 
here we simultaneously examined behavioral performance of these 
three typically co-occurring processes for direct comparison and 
to provide normative data on a neuropsychological tool that can 
be used across a wide age range. We tested the hypotheses that in a 
healthy sample of children, adolescents, and adults (1) emotional 
information can interfere with cognitive control processes, and 
(2) there will be unique age-group related improvements in these 
three skills.
Figure 1 | illustration of task. In this example, neutral faces are the “go” 
stimulus, and fear faces are the “nogo” stimulus.
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p < 10−14, ηp2 = 0 48. ], gender [F(1,94) = 24.23, p < 0.008, ηp2 = 0 07. ], 
emotion F(3,282) = 48.36, p < 10−25, ηp2 = 0 34. ), and stimulus type 
[F(1,94) = 32.89, p < 10−7, ηp2 = 0 26. ].
Emotion effects
As illustrated in Figure 2, post hoc t-tests showed that d-prime was 
significantly lower when happy (t = 6.43, p < 10−9) and sad faces 
(t = 3.90, p < 10−4) were the “nogo” stimuli compared to when they 
were the “go” stimuli, and across all subjects, there was a main effect 
for stimulus type such that d-prime was lower for those condi-
tions when emotional faces were “nogo” stimuli [mean (SD) = 2.10 
(0.92)] compared to when neutral faces were “nogo” stimuli [mean 
(SD) = 2.46 (0.96); t = 5.89, p < 10−8]. Across all subjects, discrimi-
nation was better for fear [mean (SD) = 2.61 (1.16); t (relative 
to angry) = 6.79, p < 10−10; t (relative to sad) = 8.47, p < 10−13] 
and happy [mean (SD) = 2.70 (0.99); t (relative to angry) = 8.82, 
p < 10−14; t (relative to sad) = 10.86, p < 10−18], which did not dif-
fer from each other (t = 0.91, ns), and worse for angry [mean 
(SD) = 2.00 (0.92)], and sad [mean (SD) = 1.82 (1.01)], which 
had the worst discrimination rate [t (relative to angry) = 2.479, 
p < 0.015] regardless of age.
Gender effects
D-prime was overall higher for females [mean (SD) = 2.42 (0.95)] 
who had more accurate emotion recognition than males [mean 
(SD) = 2.14 (0.80)].
Developmental effects
Discrimination increased with age, such that children had the low-
est d-prime scores [mean (SD) = 1.74 (0.73); t (relative to ado-
lescents) = 5.08, p < 10−6; t (relative to adults) = 8.52, p < 10−12], 
followed by adolescents [mean (SD) = 2.64 (0.68); t (relative to 
adults) = 2.97, p < 0.005] and then adults [mean (SD) = 3.14 
(0.50)]. There was no significant quadratic effect across age groups 
in d-prime for emotional (p = 0.17) or neutral (p = 0.42) “go” 
conditions.
False alarMs
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed 
on the dependent measure of false alarm rate. As shown in 
Figure 3, there were two-way interactions of age by stimulus 
type [F(2,94) = 5.88, p < 0.04, ηp2 = 0 27. ] and emotion by stimu-
lus type [F(3,282) = 3.67, p < 0.015, ηp2 = 0 04. ], and there were 
main effects of age [F(2,94) = 40.29, p < 10−13, ηp2 = 0 46. ], emo-
tion [F(3,282) = 31.21, p < 10−17, ηp2 = 0 25. ], and stimulus type 
[F(1,94) = 34.18, p < 10−8, ηp2 = 0 27. ].
Emotion effects
Regardless of age, emotion interacted with stimulus type such that 
false alarm rate was always higher when the emotional face was the 
“nogo” stimulus but this difference was smallest for fear, where both 
conditions that included fear faces had a high false alarm rate [mean 
(SD): fear as “go” = 0.18 (0.22); fear as “nogo” = 0.22 (0.23)]. Subjects 
 neutral–happy, fear–neutral, neutral–fear, angry–neutral, neutral–
angry, sad–neutral, and neutral–sad) with 30 randomized trials for 
each condition were administered to participants. Stimulus dura-
tion was 500 ms with 1000 ms between trials to ensure that partici-
pants had enough time to respond. Practice trials were administered 
to ensure that participants understood the task and could execute 
the responses. Stimulus presentation and response collection was 
programmed using Psyscope software (Cohen et al., 1993) and run 
on an Apple computer.
data analysIs Plan
There were four levels of the emotion condition for each analysis, 
which were happy, fear, angry, and sad emotional expressions. 
Within each block, these emotions were always paired with a 
neutral face for each condition such that if an emotional expres-
sion was the “go” target, then a neutral facial expression was the 
“nogo” non-target. Likewise, if an emotional face was the “nogo” 
non-target then a neutral face was the “go” target within that 
block of trials.
To fully capture the age-group related changes in behavior, we 
calculated the measures d-prime, false alarm rate, miss rate, reac-
tion time, and the speed/accuracy trade-off for each age group. 
We operationally defined the d-prime measure as our primary 
index of emotion recognition. D-prime, which provides an index 
of accuracy accounting for response bias, was calculated by sub-
tracting the z-transformed false alarm rate from the z-transformed 
hit rate. Overall false alarm rate (commission errors) was our index 
of cognitive control, and false alarm rate specifically to emotional 
“nogo” stimuli was our index of emotion regulation. False alarm 
rate and miss rate were calculated as the proportion of total possible 
errors for each type, and false alarm rate was used in our calcula-
tion of speed/accuracy trade-offs by age group. Because this task 
also requires an additional aspect of emotion regulation, which is 
the ability to approach a negatively valenced stimulus (e.g., angry 
faces), we examined reaction time differences to these expressions 
across the three age groups. Reaction times for hits were calculated 
for correct trials only, and outlier trials (more than three SDs away 
from the mean) were removed. A speed/accuracy trade-off score 
for emotion regulation conditions (i.e., where the “nogo” stimulus 
was an emotional expression) was computed by taking the ratio of 
z-transformed reaction time (normalized to the standard deviation 
of overall reaction time) to z-transformed false alarm rate (nor-
malized to the standard deviation of overall false alarm rate) for 
conditions when emotional faces were “nogo” stimuli. This ratio 
of reaction time to false alarm was the speed/accuracy trade-off 
score during emotion regulation conditions.
results
d-PrIMe
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed on 
the primary dependent measure of d-prime. There was a two-way 
interaction between stimulus type by emotion [F(3,282) = 6.18, 
p < 10−4, ηp2 = 0 06. ] and main effects of age group [F(2,94) = 43.17, 
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(0.06)]. As can be seen by the age group × stimulus type interac-
tion in Figure 3, emotion regulation (that is, inhibiting a prepo-
tent behavioral response in the context of emotional information) 
showed greater age-group related improvement relative to cognitive 
control (that is, inhibiting a prepotent behavioral response in the 
context of neutral information). The stimulus type by age interac-
tion was significant, such that false alarm rate to emotional “nogo” 
stimuli was largest relative to neutral “nogo” stimuli for children 
[mean (SD): emotional “nogo” = 0.42 (0.17); neutral “nogo” = 0.29 
(0.17); t = 6.92, p < 10−9], followed by adolescents [mean (SD): emo-
tional “nogo” = 0.19 (0.11); neural “nogo” = 0.14 (0.09); t = 2.53, 
p < 0.02], and then adults [mean (SD): emotional “nogo” = 0.12 
(0.08); neutral “nogo” = 0.08 (0.07); t = 2.69, p < 0.015]. We tested 
for the presence of a quadratic trend for age (separately for “nogo” 
conditions that were emotional and neutral), which was significant 
only for emotional “nogo” trials (p < 0.05) but not for neutral 
“nogo” trials (p = 0.18).
had a higher false alarm rate when any emotional face was the “nogo” 
stimulus [mean (SD) = 0.30 (0.19)] compared to when an emo-
tional face was the “go” stimulus [mean (SD) = 0.21 (0.17); t = 7.43, 
p < 10−11). Across stimulus types, the greatest false alarm rate was for 
sad [mean (SD) = 0.34 (0.21); t (relative to angry) = 5.16, p < 10−6; 
t (relative to fear) = 8.76, p < 10−14; t (relative to happy) = 10.07, 
p < 10−17], followed by angry [mean (SD) = 0.27 (0.19); t (relative 
to fear) = 3.68, p < 10−4; t (relative to happy) = 5.28, p < 10−7], and 
then fear [mean (SD) = 0.20 (0.21)] and happy [mean (SD) = 0.19 
(0.16)], which did not differ from each other (t = 0.77, ns).
Developmental effects
Post hoc tests showed that false alarm rate was higher for children 
[mean (SD) = 0.36 (0.16); t (relative to adolescents) = 5.43, p < 10−7; 
t (relative to adults) = 7.47, p < 10−10] than it was for adolescents 
[mean (SD) = 0.17 (0.09); t (relative to adults) = 3.08, p < 0.004], 
who had a higher false alarm rate than adults [mean (SD) = 0.10 
Figure 2 | emotion discrimination improves with age. D-prime, an index of 
emotion recognition, increased linearly with age suggesting that emotion 
discrimination improved with increasing age. Regardless of age, females had 
better emotion discrimination than males, happy and fear faces were the most 
accurately discriminated, and d-prime was lower during conditions when 
emotional faces were the “nogo” stimuli. H, happy; F, fear; A, angry; S, sad; 
dotted bars are D-prime mean values averaged over emotions for each age 
group.
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 interaction of emotion by stimulus type [F(3,282) = 10.96, p < 10−7, 
ηp2 = 0 02. ], and an overall main effect of emotion [F(3,282) = 22.79, 
10−13, ηp2 = 0 20. ].
Emotion effects
Regardless of age, reaction times were faster for happy faces when 
they were the “go” stimulus [mean (SD) = 460 ms (83)] compared 
to when they were the “nogo” stimulus [mean (SD) = 493 ms (88); 
t = 4.72, p < 10−6] and slower when sad faces were the “go” stimulus 
[mean(SD) = 528 ms (81)] compared to when they were the “nogo” 
stimulus [mean (SD) = 511 ms (105); t = 2.10, p < 0.05]. Overall, 
subjects were fastest at discriminating happy [mean (SD) = 476 ms 
(78); t (relative to fear) = 3.57, p < 0.001; t (relative to angry) = 4.86, 
p < 10−6; t (relative to sad) = 7.65, p < 10−11], followed by fear [mean 
(SD) = 497 ms (93)] and angry faces [mean (SD) = 501 ms (82)], 
which did not differ from each other (t = 0.82, ns), and slowest 
to sad faces [mean (SD) = 520 ms (85); t (relative to fear) = 4.02, 
p < 10−4; t (relative to angry) = 4.14, p < 10−5]. We tested for the 
presence of a quadratic trend for age (separately for “go” conditions 
that were emotional and neutral), which was significant for emo-
tion as “go” trials only, p < 0.015 and not for neutral as “go” trials 
(p = 0.07), suggesting that adolescents are the fastest group for the 
emotional “go” trials, but not for neutral “go” trials.
sPeed/accuracy trade-oFF
An ANOVA with between subject factors of age group (children, 
adolescents, and adults) and gender (male, female) was performed 
on the dependent measure of speed/accuracy trade-off. There 
was an interaction with age and gender [F(2,98) = 3.15, p < 0.05, 
ηp2 = 0 06. ].
Age by gender interaction
Post hoc t-tests showed that the source of the interaction was due 
to adolescent males’ higher speed/accuracy trade-off relative to 
children (t = 2.70, p < 0.015) and adults (t = 2.38, p < 0.03), who 
MIss rate
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) and 
within subjects factors of emotion (happy, fear, angry, sad) and stimu-
lus type (emotion as “go” or “nogo”) was performed on the dependent 
measure of miss rate. There was a two-way interaction of emotion 
by stimulus type [F(3,282) = 6.17, p < 10−4, ηp2 = 0 06. ] and an overall 
main effect of emotion [F(3,282) = 7.99, p < 10−5, ηp2 = 0 08. ].
Emotion effects
Regardless of age, miss rate was especially low when happy faces 
were the “go” stimulus [mean (SD) = 0.08 (0.07)] relative to when 
it was the “nogo” stimulus [mean (SD) = 0.15 (0.18); t = 3.97, 
p < 10−4] and especially high when sad was the “go” stimulus 
[mean (SD) = 0.18 (0.17)] compared to when it was the “nogo” 
stimulus [mean (SD) = 0.14 (0.15); t = 2.03, p < 0.05], suggesting 
that subjects are accurate in positive discrimination (pressing 
for the “go” stimulus) of happy faces and significantly inaccu-
rate at positively discriminating sad faces. Overall, happy [mean 
(SD) = 0.11 (0.10); t (relative to fear) = 1.55, ns, t (relative to 
angry) = 4.93, p < 10−6] and fear [mean (SD) = 0.13 (0.13); t 
(relative to angry) = 2.84, p < 0.005; t (relative to sad) = 2.48, 
p < 0.015] had the lowest miss rates, and angry [mean (SD) = 0.16 
(0.11); t (relative to sad) = 0.19, ns] and sad [mean (SD) = 0.16 
(0.13)] had the highest miss rates. We tested for the presence 
of a quadratic trend for age (separately for “go” conditions that 
were emotional and neutral), which was not significant for either, 
p = 0.46 and 0.58, respectively.
reactIon tIMe
A repeated measures ANOVA with between subjects factors of age 
group (children, adolescents, adults) and gender (male, female) 
and within subjects factors of emotion (happy, fear, angry, sad) 
and stimulus type (emotion as “go” or “nogo”) was performed 
on the dependent measure of reaction time. There was a two-way 
Figure 3 | Cognitive control versus emotion regulation. (A) Cognitive control showed a steady improvement in performance for each age group, as indexed by 
decreasing false alarm rate. (B) Relative to cognitive control, emotion regulation, defined by false alarms to emotional “nogo” stimuli, was more impaired for all 
subjects, and the discrepancy between cognitive control and emotion regulation diminished with increasing age group.
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age groups to the emotional stimuli. Importantly, the adolescent 
group did not show this rapid response time for neutral “go” stimuli 
(when emotional faces were the “nogo” stimuli). Consistent with 
these reaction time data, there was an inverted-U shaped curve for 
speed/accuracy trade-off for conditions when “nogo” stimuli were 
emotional in the male subjects, suggesting that despite adolescent 
males responding fast to emotional “go” stimuli, they showed a 
significant trade-off between speed and accuracy when inhibiting 
pressing to emotional “nogo” stimuli. Consistent with previous 
literature (McClure, 2000; Herba and Phillips, 2004; Herba et al., 
2006; Thomas et al., 2007), we showed that emotion discrimination 
(d-prime) was poorest for children, but in light of the miss rate 
data, which showed children performing at the same level as adults, 
these d-prime data suggest that emotion discrimination is most 
impaired when negatively discriminating an emotional expression 
(i.e., withholding a press for the emotional “nogo” stimulus). Thus, 
there are certain conditions under which children’s ability to make 
simple emotional discriminations based on facial information is 
more impaired than in others. When making positive discrimina-
tions (pressing for the emotional “go” face), child performance was 
at par with the adult group.
eMotIon recognItIon
Regardless of age, certain emotions are more readily discriminated 
than others. The emotions of fear and happy were recognized as 
more distinct from neutral faces as indexed by higher d-prime 
values and fast reaction times for all age groups, and sad was 
recognized most poorly, with low accuracy and longest response 
times. It is worth noting that although this task involved a simple 
emotion discrimination task (discriminating an emotional expres-
sion from neutral), the poor performance for sad faces has been 
noted elsewhere (Herba et al., 2006) and may be in part related to 
the greater perceptual similarity between sad and neutral faces. 
Across emotions, there were gender and age differences in emotion 
discrimination. Female subjects were overall more accurate than 
males in discriminating emotions as indexed by higher d-prime 
did not differ from each other (Figure 4; t = 1.23, ns). No other 
comparisons were significant. We tested for the presence of a quad-
ratic trend for age (separately for each gender because age inter-
acted with gender), which was not significant for female subjects, 
p = 0.68, but was significant for male subjects for an inverted-U 
shaped curve, p < 0.008, confirming the results from the ANOVA 
as shown in Figure 4.
dIscussIon
Emotional and cognitive processes interact to influence emotion 
regulation, such that mature emotion regulation involves the abil-
ity to not only recognize the emotional significance of perceived 
stimuli, but to regulate behavior in the context of emotional infor-
mation. We found support for the hypothesis that (1) emotional 
information can impair cognitive control processes, and (2) that 
there would be unique age-group related improvements in the skills 
of cognitive control, emotion regulation, and emotion discrimina-
tion. We summarize the findings here and discuss them each in 
more detail below. We provided evidence that emotional informa-
tion can interfere with cognitive control by showing higher false 
alarm rates in the context of emotional relative to neutral “nogo” 
stimuli. A similar result was found in a recent study using a “day/
night” task with iconic drawings of happy and sad faces (Lagattuta 
et al., in press), and our results showed that photographs of faces, 
expressing various emotions, create a similar performance deficit. 
Furthermore, each age group showed unique patterns of emotion 
discrimination, cognitive control, and emotion regulation skills, 
at least as measured in a cross-sectional sample. Cognitive control 
improved with increasing age group in a linear fashion. An age 
group by stimulus type interaction showed that while false alarm 
rate to emotional “nogo” stimuli was higher than it was to neutral 
faces for all groups, the cost to false alarm rate caused by emotional 
information decreased with increasing age. By traditional ANOVA, 
reaction time did not change across the three age groups, but there 
was a significant quadratic trend for emotional “go” stimuli, sug-
gesting that adolescents were responding faster than the other 
Figure 4 | Speed/accuracy trade-off during adolescence. Adolescent males showed a high speed/accuracy trade-off during conditions when emotional faces 
were the “nogo” stimuli, such that relative to children and adults, adolescents slowed down response time to regulate their responding during these conditions.
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information (e.g., fear, angry) were equally effective in disrupt-
ing behavioral performance relative to neutral distractors. False 
alarm rate to emotional “nogo” stimuli was worse than to neutral 
“nogo” stimuli across all subjects, but performance was especially 
poor in children. Although emotional “nogo” stimuli resulted in a 
performance deficit across age groups, the deficit decreased with 
increasing age, suggesting that emotion regulation is a slower 
developing process than general cognitive control. Future longi-
tudinal data is required to confirm this interpretation. A recent 
longitudinal study using a modified “day/night” task that included 
cartoon happy and sad facial expressions showed that emotional 
conditions resulted in worse inhibitory control performance than 
did the non-emotional conditions across development, consist-
ent with the results from the current study. This previous experi-
ment suggested that it was the interaction between emotion and 
the more “cool” aspects of executive function that resulted in the 
greater difficulty for emotional stimuli in general (Lagattuta et al., 
in press). In contrast to the current study, this study did not find 
that emotional conditions interacted with age group (i.e., there was 
no developmental change in the size of the performance deficit). 
This experimental difference may either suggest that there are no 
developmental changes in emotion regulation when studied lon-
gitudinally, or alternatively, that discriminating real-life images 
of facial expressions in the context of an inhibitory control task 
can reveal age-related improvements in emotion regulation. The 
Emotional Go/Nogo task is additionally useful in that it can be 
computerized for neuroimaging use to examine the neural cor-
relates that underlie changes in emotion regulation. Moreover, it 
provides an index of emotion discrimination (with both hit and 
miss data) across multiple facial expressions.
The child group had a high error rate in conjunction with the 
slowest response time. While children also had the lowest d-prime 
scores for emotion discrimination (as described above) presenting 
the possibility that poor emotion discrimination increased false 
alarm errors, both the low miss rate in the child group and the 
fewer number of false alarms to neutral “nogo” stimuli decrease the 
likelihood that, in these data, emotion discrimination was a con-
tributing factor to emotion regulation. Adolescents, in contrast, 
were the group that responded to the emotional “go” stimuli the 
fastest, as evidenced by the significant quadratic trend. However, 
there was no quadratic effect for those conditions when neutral 
faces were the “go” stimuli (when emotional faces were the “nogo” 
stimuli) suggesting that adolescents were faster when approach-
ing emotional information. This speed to emotional stimuli is 
consistent with previous findings that adolescents tend to accel-
erate responding in emotional contexts (Steinberg et al., 2008). 
However, for male subjects, performance in the emotion regula-
tion condition required a cost to relative response time in that 
adolescent subjects slowed down in the blocks where the “nogo” 
stimuli were emotional. In other words, to exhibit more mature 
behavioral performance in accuracy, adolescent males employed 
the potentially fragile strategy of slowing down response time 
when faced with emotional “nogo” stimuli. Children did not 
modify mean reaction time during emotional “nogo” trials and 
consequently made many false alarm errors during these condi-
tions, and adults did not show this cost in reaction time, yet were 
able to demonstrate high accuracy. Therefore, adolescent males 
values, consistent with previous reports of females’ superior ability 
in facial expression processing (McClure, 2000). Children were less 
accurate at emotion recognition than adolescents who were less 
accurate than adults, and the linear age-group related change in 
d-prime suggests that the ability to discriminate emotions gradu-
ally, but consistently improves with age, a replication of previous 
finding showing age-related changes in emotion discrimination 
across these ages (Lenti et al., 1999; McClure, 2000; Herba and 
Phillips, 2004; Herba et al., 2006; Thomas et al., 2007), where 
improvements in facial expression perception are observed into 
early adulthood. The miss rate (i.e., 1-hit rate) indexes the like-
lihood that a subject does not press for a target expression and 
provides a very important confirmation of whether or not subjects 
could positively discriminate a named expression. The miss rate 
was low (i.e., the hit rate was high) and did not differ for the three 
age groups, suggesting that all subjects were able to positively dis-
criminate (via button presses) each named expression. The lack of 
age-group related change in miss rates despite age-group related 
change in d-prime scores suggests that children are able to positively 
discriminate emotions quite early, but that children were impaired 
when their emotion discrimination relied on inhibiting a response 
(correctly inhibiting “nogo” responding). It is important to note 
that the task used in this manuscript requires subjects to positively 
identify given expressions, but we cannot determine from this task 
whether or not subjects fully understood the emotional mean-
ing of each expression. Another limitation of this task is that we 
rely on facial expressions, and often standard facial expression sets 
include only one positive expression (happy), although we present 
multiple models posing this expression. Future studies that employ 
the Emotional Go/Nogo task may benefit from including multi-
ple positive expressions (e.g., exuberant) to more fully explore the 
processing of positive expressions.
cognItIve control
False alarm rate was used to index cognitive control. There was 
a significant age-group related decrease in false alarm rate from 
childhood to adolescence and from adolescence to adulthood sug-
gesting a linear improvement in cognitive control for each increas-
ing age group. The age-related change in mean false alarm rate but 
not mean miss rate suggests that the age-group related change in 
performance was due to changes in cognitive control. This finding 
replicates findings from previous studies showing that cognitive 
control is a late developing process with improvement well into 
adulthood (Bunge et al., 2002; Durston et al., 2002; Somerville and 
Casey, 2010). The added value of the Emotional Go/Nogo task is 
in its ability to directly compare these changes in cognitive control 
to age-related changes in emotion regulation.
eMotIon regulatIon
Emotion regulation was defined in this study as the ability to 
regulate impulsive responses in the context of emotional infor-
mation. Thus, false alarm rate during conditions when emotional 
faces were the “nogo” stimulus was used as our index of emotion 
regulation (i.e., maintaining cognitive control in the presence of 
emotional information). False alarm errors to emotional “nogo” 
stimuli did not differ by valence of expressions, suggesting that 
both approach-related information (e.g., happy) and avoid-related 
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However, the lack of an interaction between age group, emotion, 
and stimulus type suggests that this type of emotion regulation 
does not undergo age-related change that can be measured by 
this version of the task.
The improvement in false alarms to emotional information that 
adolescents seem to show, at least for males, can only occur when 
subjects increased reaction time suggesting that emotional informa-
tion during adolescence has the potential to interrupt regulatory 
ability if the adolescent does not slow down response time. Overall, 
both male and female adolescents are the fastest group to approach 
emotional information. Thus, relative to adulthood, adolescence 
may be a period when individuals are at elevated risk for behavioral 
errors under emotional conditions. Our findings lend support for 
a dual-system model of emotion regulation (Casey et al., 2008; 
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await confirmation from longitudinal designs, they are important 
behavioral data that add support for this neurobiological model 
of developmental change.
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